How to calculate the gravitational waves (GWs) of Extreme-mass-ratio-inspirals (EMRIs) in a highly accurate and efficient way still keeps a challenge. In this paper, we present a so-called fully recalibrated waveforms for EMRIs with high accuracy. Based on the numerical data by solving the Teukolsky equations, we recalibrate all mass-ratio independent coefficients of the factorized waveforms which are used in the effective-one-body (EOB) models. Due to these new coefficients, the precision of waveforms is improved enormously, and is much higher than the original forms and at the same time higher than other existing calibration models. We believe our model will play an important role in the waveform-template construction of the space-based GW detectors.
INTRODUCTION
Extreme-mass-ratio-inspirals (EMRIs) are composed by supermassive black holes and stellar-mass compact bodies. For example, an EMRI event is that a compact body (stellar massive black hole, neutron star etc.) orbits around a supermassive black hole in a strong field zone, and the radius of orbit shrinks due to the radiation of gravitational waves (GWs).
People popularly believe that there are supermassive blackholes reside in the centre of most galaxies [1] . The typical mass of a supermassive blackhole ranges from about 10 5 to 10 7 solar masses (M ). The frequency of GWs from EMRIs then can be around 10 −2 ∼ 10
Hz when the small body's orbit is in the wildly relativistic region of the central black hole.
EMRIs are very important gravitational wave sources for the space-based detectors like as eLISA [2] , Taiji [3] and Tianqin [4] . From the estimations of [5] [6] [7] [8] [9] , eLISA should see about 50
such EMRI events per year out to redshifts z ≈ 1, based on calculations of stellar dynamics in galaxies' central cusps [10] .
As the same as LIGO, these space-based detectors also adopt the matched-filtering technology to search the GW signals, and analyze the properties and parameters of sources. This requires a huge number of waveform templates in varied parameter space. How to calculate the waveforms of EMRIs in a highly accurate but efficient way still keeps a challenge. Usually, one can calculate the waveforms accurately by numerical simulations (for example, numerically computing the blackhole perturbation equations [11] [12] [13] [14] ), but the computing speed is too slow to generate enough templates. Or alternatively, one can use post-Newtonian approximation (including the hybrid method, see e.g. [18] [19] [20] ) to generate the waveforms with a fast speed but will lost the accuracy in the strong field.
However, considering the long time-scale of the waveforms of EMRIs, the requirement for accuracy and efficiency of waveforms is quite high. In the final year of the inspiral, an EMRI waveform has 10 5 circles [9] . If we limit the dephase to be less than one circle between the theoretical templates and the real waveforms, the accuracy of the radiation reaction should be at 10 −5 level. At the same time, the inspiral waveform depends on 14 different parameters [21] . Based on the analysis of [9] , if we assume that only about 8 of these 14 parameters affect the phase evolution, it will need 10 5×8 templates to perform a fully coherent matched-filtering search for year-long inspiral waveforms.
In the LIGO's GW searching, they use effective-one-body (EOB) model [22, 23] to con-struct waveform templates. [24] . These EOB waveforms are calibrated by numerical relativity data to guarantee the accuracy. Because the EOB method is basically an analytical post-Newtonian (PN) formalism, the computing efficiency is very high. The EOBNR model works well in the comparable mass-ratio binaries, but may not in the EMRIs. Nevertheless, this inspires us to develop a similar waveform model in the EOB frame, i.e., calibrating the waveform formalisms by the numerical Teukolsky-based data. However, the first attempt has been done by Yunes et. al. [25, 26] . They calibrated out several higher PN order coefficients to improve the accuracy of the factorized-resummed waveforms. In the present work, we recalibrate all the coefficients in the factorized-resummed waveform formalisms and add a few higher order coefficients. In this sense, we call our method as a fully recalibration model.
We will see the accuracy of the waveforms improved much more by our new recalibration .
The paper is organized as follows. In the next section, we introduce the original PN waveforms in the EOB frame. A brief summation of the Teukolsky equations and numerical algorithm is given in the section III. We then discuss our full recalibration method, results and comparisons in the section IV. At last, conclusions and remarks are given. Throughout the paper, we use units G = c = 1 and the metric signature (−, +, +, +). Distance and time are measured by the central black-hole mass M .
THE FACTORIZED-RESUMMED EOB WAVEFORMS
To overcome the very poor convergence of the PN series (especially near the ISCO, i.e. [27, 28, 34] ), and it formed the factorized-resummed PN waveforms which aims at extending the validity of suitably resummed PN results beyond the ISCO, and up to the merger. The waveforms were later introduced in the EOB approach and used to construct the complete GW templates.
The factorized-resummed modes read
where p indicates the parity of the multipolar waveform, and h
is the Newtonian part,
and ρ lm , the terms appearing in Eq. (1), we could refer to Reference [27, 35] for detailed expressions. Especially, ρ lm is a PN expansion about (v/c) n , the numeric coefficients can be divided into four groups: mass-ratio and spin independent, mass-ratio dependent, spin dependent, and mass-ratio and spin both dependent coefficients.
Then the energy fluxes down to the infinityĖ ∞ can be expressed with the harmonicallydecomposed waveforms h lm byĖ
in this expression, ω m = mΩ, where Ω is the orbital frequency. Now the PN waveforms are only expanded to multipoles l = 8.
In the EMRI cases, one can also add the energy fluxes down to event horizons [25] . We calculate the flux through the N/2-th order Taylor expansion in PN theory [29] 
where ν is the symmetric mass-ratio which equals to m 1 m 2 /(m 1 + m 2 ) 2 (m 1 and m 2 are the masses of the two components), and v is the circular orbit frequency. Following reference [25] , we classify the PN parameters based on their physical origin and condition of spin inclusion. Those that correspond to radiation in falling into the horizon will be labeled Hor,S <11 have been specified in reference [25] . For more details, see reference [30] .
THE FULLY RECALIBRATED WAVEFORMS
Until now, the analytical forms of ρ lm are expanded up to 5PN order, for example
where q is the dimensionless Kerr parameter q ≡ J/M 2 , and J is the angular momentum of the black hole. As already shown in Ref. [25] , the accuracy of these original waveforms is far away from the requirement in the EMRI simulations. Yunes et.al. calibrated a few of higher order coefficients to improve the accuracy of the resummed formalisms. In the previous work [36] by one of us, we fitted out a set of polynomials from the Teukolsky-based fluxes to calculateĖ ∞,H and waveforms accurately. In the present work, we keep the forms of the factorized-resummed expansions, but recalibrate all numeric coefficients of these expansions.
The reference data for the recalibration are calculated by the highly accurate solutions of the Teukolsky equations [13, 14] . The details of the Teukolsky equations and our numerical algorithm are addressed in our previous papers [15] [16] [17] and the references inside.
For the recalibration, following Ref. [25] [26] [27] [28] , we first write down the expressions of the ρ lm with undetermined numeric coefficients, for m = l,
where eulerlog(mv) = γ E + log(2mv), γ E = 0.577215... is Eulers constant, and for m = l,
The coefficients a 1 , a 2 , a 3 , · · · are spin-independent, and b 1 , b 2 , b 3 , · · · are spin-dependent.
Considering the small mass-ratio limit, all terms that depend on mass-ratio have been omitted.
To get all the numeric coefficients in Eqs. (5, 6), we adopt a two-dimensional (i.e., in spin parameter q and orbital velocity v) least-squares method to fit them. The data for the least-squares fitting come from the highly accurate Teuksolksy-based fluxes. We have 17
group of numerical data with varied spin parameters q: -0.9, -0.7, -0. points are generated by the Chebyshev nodes to obtain better performance on the boundary. 
The precise values of fluxesĖ ∞ lm on these sampling points are provided by the numerical calculation of the Teukolsky equations. ω m = mΩ, and Ω can be calculated from the relation v = (M Ω) 1/3 . All the other terms in the denominator can be directly calculated from the analytical expressions. The value of right hand now is known, then one can fit out all coefficients in Eqs. (5, 6) by using the two-dimensional least-squares method. All coefficients in ρ lm are listed in Tables I-IV. TABLE I. The coefficients of m = l modes which are valid for arbitrary spin parameters.
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7.257863585947E+00 3.789085707619E+00 2.9438753159E+00 2.5549894720E+00 2.3444258931E+00 2.2164508614E+00 2.1316479097E+00 a TABLE II. The coefficients of m = l modes which are valid for arbitrary spin parameters. To demonstrate the performances of these recalibration formalisms, we show the relative differences between our recalibrated fluxes and the Teukolsky-based ones in Fig. 3 . From However, based on the experiences in Ref. [26] , only one order of improvement may be not enough for the EMRI simulations with long time scale. We find that it is very hard to get the more accurate "global" coefficients which are valid for all q parameters. For getting the better performance, the spin background is divided into 4 groups(see Table V ) under consideration, and for each q group, coefficients a n and b n in Eqs. (5) are fitted by the least squares method for this group only. These grouped coefficients are listed in Table VI -IX.
Note that we still use the "global" coefficients for the m = l cases in Eq. (6). This is because l = m modes are much more dominant than l = m ones for the same l, then the accuracy of fluxes is mainly determined by the l = m modes. For simplicity, in the cases of l = m we still use the "global" coefficients listed in Tables II-IV for unimportant modes (such as l=4, m=1), we directly use the original PN formalisms which can be find in Ref. [27] .
The results of recalibrated fluxes using the grouped coefficients in Tables VI-IX are shown in Fig. 2 . We can find now that the relative precision is improved one order compared with the "global" ones. The maximum relative error is just a little larger than 1 × 10 −5 . We can conclude that our recalibrated waveforms are more precise than the ones in Ref. [26] for about two orders. Table) .
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Because the radius of the ISCO of in case the of q = −0.9 is about 9M (comparatively, the one in the case of q = 0.9 is about 2.3M ), the EMRI just evolves about 8 months.
The dephase of dominated (2, 2) mode-waveforms calculated in the EOB frame with the newly recalibrated formalisms and the Teukolsky-based ones is shown in Fig. 4 . During the whole evolution of all spin parameters, the dephase is less than 0.1 rad. This performance should satisfy the requirement of the data analysis of the EMRIs. The reason for our better performance on the dephase lies in the high accuracy of the total energy fluxes (including black hole absorption term). We have two more orders improvement on the accuracy of the fluxes compared with the results in [26] , and this induces also two orders improvement in the dephase of the 22 mode accordingly. 
CONCLUSIONS
The successes of EOB model in the precise simulation of the waveforms from comparable mass-ratio binaries motivate us to develop waveform models for extreme-mass-ratio inspirals in the EOB framework. In the present work, for improving the accuracy of the factorizedresummation PN waveforms, we recalibrate all the spin-independent and -dependent coefficients of the PN waveform formalisms.
Firstly, we calibrate the global coefficients which are valid for all spin parameter q by using 17 groups of numerical Teukolsky-based fluxes data with q =-0.9, -0.7, -0. about one order compared with the previous results like as in [26] . For getting the better waveform formalisms, we divide the spin background in four groups. For each group, we calibrate the coefficients just for this group. By this way, we improve the accuracy of the fluxes about two orders higher than the previous results. Furthermore, we also calibrate a few of coefficients for the PN expressions of the energy-fluxes down to the horizon. This improves the accuracy of total energy fluxes greatly. All these coefficients for calculation and validation are listed in Table I-X. With the recalibrated PN formalisms, we can accurately evolve the orbits of EMRIs in the EOB frame, and at the same time obtain the waveforms. In this way, the computation efficiency is much higher than solving the Teukolsky equation numerically. As an example, we calculate the dephasing of the 22 mode between the recalibrated waveforms and the Teukolksy-based ones for an EMRI case. As we can see, the dephasing is less than 0.1 rads even for more than 30 months' evolutionary waveforms. We think that the performance of the recalibrated waveforms in the EOB frame meet the requirement of the waveform templates of the EMRIs for space-based GW detectors. With these new waveforms, we can calculate the waveforms of EMRIs in long time-scale with accuracy and efficiency. We believe that our recalibrated formalisms can replace the Teukolsky-based waveforms in the future data analysis.
However, there are two points that may help to improve the results in the present paper again. First, one can add more (l, m) modes. In this paper, we only consider the modes up to l = 8. 
